Hybrid scaffolds constituted by a mixture of conducting and biodegradable polymers have been obtained by the electrospinning technique. Specifically, poly(3-thiophene metyl acetate) (P3TMA) and a copolymer derived from L-leucine which bears ester, urea and amide groups (PEU-co-PEA) have been employed. Both polymers have been selected because of their intrinsic properties and their high solubility in organic solvents. The biodegradable polymer renders continuous and homogeneous microfibers in most of the electrospinning conditions tested, appearing as an ideal carrier for the polythiophene derivative.
INTRODUCTION
Materials able to combine biodegradable and conducting properties have highly promising applications in biomedicine. Stimulation of either the proliferation or differentiation of various cell types and the development of time controlled drug release systems are clear examples of their potential uses. Among conducting materials, conducting polymers (CPs) are potential candidates for the preparation of scaffolds. [1] [2] [3] This is because the intrinsic electrical and electrochemical (i.e. eletroactivity) properties of these organic materials enhance cell proliferation at polymer-tissue interface through electrochemical stimulation and an ionexchange mechanism, respectively. [1] [2] [3] However, CPs are non-degrabable materials and, therefore, a challenging task is to introduce biodegradability for their use as scaffolds.
Different strategies have been explored to ensure the biodegradability of CP-containing scaffolds. [1] [2] [3] For example, some efforts have been focused on the synthesis of hybrid polymers that combine conducting and degradable units. 4, 5 Other alternatives correspond to the use of degradable polymers as templates for a subsequent deposition of CPs [6] [7] [8] and also the development of nanostructured blends of conducting and biodegradable polymers. 9, 10 Electrospinning is a versatile technique that offers great potential for the fabrication of hybrid scaffolds with the porosity required for effective tissue regeneration applications.
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Unfortunately, the preparation of conductive micro/nanofibers by direct electrospinning is not a trivial task due to the low solubility, fast crystallization and low molecular weight of CPs.
Therefore, fiber morphology usually becomes discontinuous and shows lots of beads 12 that, in some cases, can be minimized using a coaxial setup to prevent crystallization at the nozzle tip.
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These morphologic problems can be overcome by blending the CP with another electrospinnable polymer (used as a carrier). The detriment of the electronic properties is the major inconvenience of this strategy while the specific properties contributed by the carrier (e.g. biodegradability and biocompatibility) represent new advantages for the development of biomedical materials.
Poly(3-thiophene methyl acetate) (P3TMA) is an electroactive polythiophene derivative bearing a carboxylate substituent in the 3-position of the heterocyclic ring ( Figure 1 ) that provides good solubility in some organic solvents such as CHCl 3 , THF or DMSO. This characteristic has been exploited to prepare a common solution with high molecular weight biodegradable polymers, as for example poly(tetramethylene succinate) and polylactide, and fabricated stable free-standing nanomembranes and nanofiber scaffolds that combine properties of each component. [14] [15] [16] [17] The bioactivity of such P3TMA-containing scaffolds as well as of individual P3TMA was repeatedly proved through cellular adhesion and proliferation assays.
α-Amino acid-based polymers (AABPs) are receiving great attention as new biodegradable materials for biomedical applications due to their favorable combination of properties. Among
AABPs poly(ester amide)s [18] [19] [20] [21] [22] [23] (PEAs) are the most studied ones. Relatively new and less investigated class of AABPs are poly(ester urea)s (PEUs) obtained for the first time by
Katsarava and co-workers via solution active polycondensation. 24 Later on this team showed that high-molecular-weight PEUs with desirable material properties could be synthesized via interfacial polycondensation using phosgene or triphosgen as starting monomers. 25 In this way, a L-leucine based PEU was successfully used for preparing nanofibers loaded with antibacterials, 26 while L-phenylalanine based PEUs were employed to develop high-strength materials as promising bone substitutes. 27, 28 In general PEAs and PEUs are promising materials since, strong intermolecular hydrogen bond interactions can be established between amide or urea groups, giving rise to good thermal and mechanical properties. Furthermore, degradability of these materials can also be guaranteed by the presence of hydrolysable ester groups, while the selection of adequate constitutive units may provide biocompatibility and nontoxic hydrolysis by-products. The high versatility of natural -amino acids with different pendent groups and the possibility of employing diols along with dicarboxylic acid units with aliphatic segments of different lengths lead to a tremendous variety of materials with easily customized properties.
The PEU derived from carbonic acid, L-leucine, and 1,6-hexanediol (named 1L6 in Figure   1a ) showed interesting properties and appeared suitable as implantable surgical devices (e.g. vascular stents and hard tissue replacement implants). Specifically, a tensile strength at yield, elongation at break and Young's modulus of 21 MPa, 114% and 622 MPa, respectively were reported together with melting temperature of 114 ºC and glass transition temperature of 47 ºC. 25 Solubility in organic solvents and properties like molecular flexibility can be easily improved by incorporating a small ratio of dicarboxylic acid units with high methylene content (e.g. sebacic acid). In this case, copolymers contain both urea and amide groups (PEU-co-PEA copolymers) in a proportion that can be easily tuned following a simple two step procedure (Figure 1a ) based on the interfacial polycondensation method previously reported for PEUs. 25 The goal of the present work is to develop hybrid scaffolds with the maximum load of P3TMA using a new biodegradable PEU-co-PEA as electrospinable carrier. Intermolecular interactions between the polar moieties of the two polymers are expected to play a crucial role and might achieve a high concentration of the CP in the electrospinable solution might be achieved. Results discussed below evidence that the poly(ester urea) carrier has allowed us to obtain stable microfibers containing 90 wt-% of the biocompatible polythiophene used in this work. Accordingly, the prepared electrospun 3D scaffolds exhibit an electrochemical activity similar to that of pure P3TMA. It should be remarked that, in absence of a carrier, the latter polythiophene derivative cannot be used for the preparation of 3D scaffolds since its mechanical integrity and intrinsic biodegradability is practically null. Recent studies have evidenced that P3TMA can be easily detached from scaffolds when it is combined with biodegradable polymers, 15, 29 which is a very interesting property for the fabrication of useful CP-enriched electroactive scaffolds. In addition, P3TMA has been selected not only because of its high biocompatibility but also because of its electrochemical activity, the latter being responsible of its excellent behaviour as bioactive matrix (i.e. cellular adhesion and proliferation are significantly enhanced by the ion-exchange ability of this CP at the cellpolymer interface).
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EXPERIMENTAL SECTION Materials
All chemicals were ACS grade and used without further purification. The di-p-toluenesulfonic acid salt of bis-L-leucine-hexane-1,6-diester (L6) was prepared, as reported previousely, 30 The copolymer PEU-co-PEA composed of 93 mol.% of poly(ester urea) 1L6 and 7 mol.% of poly(ester amide) 8L6 is labelled as 1L6 93 -8L6 7 (1 for carbonyl, 8 for sebacoyl, L for Lleucine, and 6 for 1,6-hexanediol units).
P3TMA conducting polymer
The 3-thiophene methyl acetate (3TMA) monomer was obtained with a 74% yield by refluxing 3TAA in dry methanol for 24 hours at a temperature of 90 ºC. 14 The polythiophene derivative, P3TMA (Figure 1b ), was subsequently prepared by a chemical oxidative coupling polymerization in dry chloroform following the procedure described by Kim et al. 31 Anhydrous ferric chloride (FeCl 3 ) was used as oxidant and dopant. The polymerization yield was ca. 61% after removing the residual oxidant and oligomers. were carried out at room temperature. Electrospun fiber scaffolds were prepared using optimized parameters (i.e. needle tip-collector distance, voltage and flow rate) and solvent conditions (i.e. solvent ratio, and polymer concentrations).
Measurements

Morphology of electrospun scaffolds
Optical microscopy studies were performed with a Zeiss Axioskop 40 microscope.
Micrographs were taken with a Zeiss AxiosCam MRC5 digital camera.
Detailed inspection of texture and morphology of electrospun samples was conducted by scanning electron microscopy using a Focus Ion Beam Zeiss Neon 40 instrument (Carl Zeiss, Germany). Carbon coating was accomplished using a Mitec K950 Sputter Coater fitted with a film thickness monitor k150x. Samples were visualized at an accelerating voltage of 5 kV.
Diameter of electrospun fibers was measured with the SmartTiff software from Carl Zeiss SMT Ltd.
Determination of P3TMA doping level
The doping level (DL) of chemically synthesized P3TMA was determined electrochemically by carrying out chronopotenciometry assays under a constant cathodic current intensity that varied from -0.1 mA to -2 mA (current density: -0.025 to -0.5 mA/cm 2 ).
This procedure aimed to reduce the P3TMA film completely. Electrochemical experiments were conducted on a PGSTAT302N AUTOLAB potentiostat using a three-electrode onecompartment cell under nitrogen atmosphere at room temperature. The cell was filled with 25 mL of acetonitrile with 0.1 M LiClO 4 .
Steel sheets, which were used as working electrodes, were cleaned with acetone and edges were carefully protected with an epoxy resin. Thus, only controlled areas (2  2 cm 2 ) were covered with P3TMA and exposed to the electrochemical medium. A P3TMA solution of 0.1 g/mL was obtained by dissolving P3TMA powder in chloroform. As a pre-treatment, P3TMA underwent mild sonication for 10 minutes before (as a powder) and after its dissolution.
Following the pre-treatment, the solution was filtered with cotton as a separation barrier.
Then, the resulting solution was used for solvent-casting deposition. Specifically, 35 µL of the P3TMA solution were solvent casted onto each side of the steel substrate, which was then allowed to dry under vacuum at room temperature for 24 h. The weight of P3TMA deposited was determined as the difference between the masses of the coated and the uncoated working electrodes using a CPA26P Sartorius analytical microbalance with a precision of 10 -6 g. The exact amount of P3TMA covering the steel sheet was 6.4 ± 0.4 mg. The reference electrode was an Ag|AgCl electrode containing a KCl saturated aqueous solution (Eº = 0.222 V at 25 ºC) and steel sheets were also used as counter electrodes. For statistical purposes, samples were run in triplicate for each current density tested. (1)
where Q red is the reduction charge (C), j red (A) is the current intensity applied, t red (s) is the reduction time, F is the Faraday constant (C/mol), n is the electron charge involved in the electrochemical process (n = 1), m P3TMA (g) is P3TMA mass deposited onto each working electrode, and MW MU is the molecular weight of the monomeric unit of P3TMA (g/mol).
Electrochemical characterization of PEU-co-PEA/P3TMA hybrid scaffolds
In order to assess the electrochemical behavior of the PEU-co-PEA/P3TMA scaffolds cyclic voltammetry (CV) studies were conducted with an Autolab PGSTAT302N galvanostat equipped with the ECD module (Ecochimie, The Netherlands). Measurements were performed on fiber mats, which were deposited by electrospinning on both sides of steel AISI 316 sheets of 1 cm 2 . All electrochemical assays were performed using a three-electrode one compartment cell under nitrogen atmosphere and at room temperature. The electroactivity, which indicates the ability to exchange charge reversibly, was evaluated by examining the similarity between the anodic and cathodic areas of the control voltammogram. The electrochemical stability (i.e. loss of electroactivity, LEA) was determined using the following expression:
where ΔQ is the difference of anodic voltammetric charge between the first cycle and the last cycle and Q 1 is the anodic voltammetric charge corresponding to the first cycle.
RESULTS AND DISCUSSION
Electrospinning of PEU-co-PEA
Several solvents and binary solvent mixtures were tested at different voltages, flow rates, polymer concentrations and needle tip-collector distances to get continuous electrospun microfibers. PEU-co-PEA is soluble in most organic solvents (e.g., chloroform, methanol, ethanol and dimethylformamide), the best solubility being attained in a CHCl 3 :MeOH 10:1 v/v mixture. Usually the electrospinning process requires relatively high polymer concentration to avoid the formation of droplets and electrospun beads. 32 In this case, the minimum value needed to obtain continuous microfibers under a wide range of processing conditions was 18% (w/v). In fact, the high molecular weight of the copolymer facilitated the electrospinning process and good fibers were obtained in most test conditions. Nevertheless, the applied voltage was essential to minimize the dramatic effect of the bead formation. This effect is illustrated in Figure 2 , which compares fibers obtained under voltages of 25 kV and 20 kV.
Optimal processing conditions (i.e. those that avoid the formation of broken fibers and beads) are indicated in Table 1 Polymer composition of each phase was ascertained by means of 1 H NMR spectra ( Figure   5 ). P3TMA signals are predominant in the spectrum of the dense phase (Figure 5a ).
Specifically, signals of methylene and methyl lateral groups appear overlapped as a double duplet (3.82-3.80 ppm and 3.62-3.60 ppm) and a duplet (3.77 and 3.72 ppm), respectively.
Splitting of these signals is interpreted as a consequence of the different arrangements of thiophene rings during chemical polymerization and the corresponding triad and dyad (e.g.
head-to-head and head-to-tail) sensitivities. 17, 31 In addition, the spectrum shows also multiple peaks that can be easily assigned to the predominant PEU unit of the copolymer. and a long tail that should include both the P3TMA fraction and the low molecular weight copolymer fraction. The GPC curve of the polymer coming from the dense phase is very broad and corresponds to a low molecular weight, as expected from a P3TMA rich fraction. Deconvolution of the curve allowed us to observe two additional peaks associated to PEU-co-PEA (Figure 7b ). It is interesting to note that the low molecular fraction of the copolymer is detected in both dense and light phases, allowing us to discard a significant molecular weight fractionation.
P3TMA doping level
Electrochemical assays were performed to assess the doping level (DL) of as-synthesized P3TMA, which in fact may also be useful to evaluate the capability to form intermolecular interactions with charged low molecular weight oligomers. The curve shows that the system potential is gradually decreasing to more negative values, which is indicative of a dedoping process. The potential value rapidly reduces before stabilizing shortly at around 500 seconds. Interestingly, the system potential starts to increase towards more positive values at t red = 601.5 seconds (inset of Figure 8 ). Therefore, the reduction charge applied up to that minimum equals - 34 synthesized polythiophene in chloroform using FeCl 3 as oxidant. In both cases it was stated that because of structural disorders in the CP chains and crosslinking, one positive charge is generated per approximately three monomeric units, the measured DLs being 0.35 33 and 0.33. 34 In an earlier work, 35 a reaction of 2,2-bithiophene with copper(II) perchlorate in acetonitrile was conducted and yielded polymers with a DL of ~0.17.
For CPs, such as polythiophene and its derivatives, the DL and the extension of the π-conjugated system along the polymer backbone are closely related with their electronic properties. 36 The conductivity increases with the amount of dopant until a saturation limit is reached. Comparative studies of polyalkythiophenes doped with different agents showed that materials doped with FeCl 3 presented higher stability in comparison with others dopants.
However, even for the doping saturation (i.e. one charge per thiophene monomeric unit), the conductivity of substituted polythiophene derivatives is around 10 -6 S/cm. 36 In a previous work, the electronic and electric response of nanomembranes prepared by using a spin-coated mixture of P3TMA and thermoplastic polyurethane (TPU) were exhaustively examined by UV-vis spectroscopy, conductive AFM and current/voltage measurements. 37 Electrospinning of the dense PEU-co-PEA/P3TMA phase mixture
Electrospinning process was optimized again for the dense phase since polymer composition was modified and also the total polymer concentration varied considerably (i.e.
from 36% w/v to 24% w/v). It should be pointed out that the presence of a small fraction of PEU-co-PEA is essential since electrospinning of P3TMA alone was unfeasible, even at so high concentration, since its low molecular weight leads to abundant drop formation. Figure 9 is an example of the optimization process for a given tip-collector distance followed by optical microscopy observation. Although beads and broken fibers were attained in most test conditions (Table 1) , the increase of the flow rate up to 3.5 mL/h and the applied potential to 25 kV allowed us to get homogeneous and continuous microfibers. SEM images (Figure 10a ) reveal a smooth surface texture, beads and broken fibers being relatively infrequent. The average diameter (Figure 10b ) is close to 1.47 m but values extended over a relatively wide range (from 500 nm to 2.50 m). The hybrid fibers are clearly less tortuous than those prepared from PEU-co-PEA and have also a significant lower diameter (1.47 m respect to 2.63 m). Although the latter observation is consistent with the decrease on the global polymer concentration in the electrospinable solution (i.e. from 36% w/v to 24% w/v), the increase in the flow rate (i.e. from 1.5 mL/h to 3.5 mL/h) points out to the opposite behavior.
Physicochemical characterization of PEU-co-PEA/P3TMA electrospun scaffolds Figure 11 compares the heating run of the electrospun hybrid scaffold, the electrospun PEU-co-PEA scaffold and the P3TMA powder sample. P3TMA derived from chemical polymerization is semicrystalline despite the random disposition of its repeating unit and consequently a small melting peak at 110.9 ºC can be observed. Nevertheless, the sample has a high amorphous content since a clear glass transition is detected at 68.7 ºC. The electrospun PEU-co-PEA scaffold is amorphous and renders only a clear glass transition at a lower temperature (i.e. 41.9 ºC) due the increased chain flexibility. The incorporation of a small percentage of PEA units affects its crystallinity since the parent 1L6 PEU was reported to be semicrystalline. 25 In addition, it should be pointed out that the applied electrical potential tends to induce molecular orientation and probably favors crystallization. 38, 39 However, this effect is clearly insufficient for PEU-co-PEA, the sample remaining amorphous after electrospinning.
Typical relaxation endothermic peaks are detected for both P3TMA and PEU-co-PEA samples, indicating that metastable equilibrium thermodynamic conditions with a lower specific volume, enthalpy and entropy are achieved in the glassy state. The PEU-co-PEA/P3TMA electrospun scaffold shows a complex thermal behaviour with different endothermic peaks. Thus, two relaxation peaks at 58.7 and 70.1 ºC can be detected and, therefore, the presence of two amorphous phases is inferred. The greatest change on the specific heat capacity corresponds to the transition that occurred at a temperature intermediate between those observed for P3TMA and PEU-co-PEA. Hence, this transition can be associated to a miscible phase where both polymers were present. The second phase can only be associated to P3TMA since the transition is detected at practically the same temperature found for the conducting sample. Composition of the miscible phase was determined by considering the T g value predicted by the Fox equation:
where w i and T gi represent the weight fraction and the glass transition temperature of each component, respectively, and T g the glass transition temperature of the miscible phase.
The miscible phase was composed of 35% of the copolymer and represented a 28.6% of the global sample as it can be deduced taking into account the global composition determined by NMR and assuming that the crystalline phase was negligible.
The X-ray diffraction profile of the PEU-co-PEA/P3TMA electrospun scaffold (Figure 12) reveals a practically amorphous character although some minor crystalline reflections could be detected. Note that the DSC heating run is complex and that melting and recrystallization peaks can be guessed. Basically the X-ray diffraction profile shows the typical reflections of P3TMA (e.g. a strong and well defined peak at 1.17 nm that is related to the interchain distance 17 ), amorphous halos and also some incipient signals that correspond to the reflections detected for the PEU-co-PEA powder sample (see blue dashed lines in Figure 12 ).
PEU-co-PEA/P3TMA scaffolds were thermally stable up to more than 200 ºC, as it is deduced from TGA and DTGA curves ( Figure 13 ). The decomposition of this hybrid sample is different from those of the biodegradable and conducting components and, specifically, the degradation process is slightly enhanced. Thus, the biodegradable PEU-co-PEA sample displays a two-step degradation process with DTGA peaks at 310 and 360 ºC, which reflect the complex constitution of the repeat unit. The polymer is completely degraded at a temperature of 500 ºC. On the contrary, P3TMA gives rise to a char yield of 60% at 550 ºC and degrades also following a two-step process with a predominant DTGA peak at 440 ºC.
The hybrid scaffold gives rise to a remarkable char yield at 550 ºC (i.e. 50%) that is consistent with its high P3TMA content. Nevertheless, the decomposition shows an unexpected behaviour since the first DTGA peak appears at 260 ºC, which is lower than the temperature observed for the first peak of the two components. Thus, the presence of P3TMA has a slightly negative influence on the thermal stability of the copolymer. Degradation of the hybrid scaffold finishes at lower temperature than that observed for the P3TMA sample (i.e.
DTGA peaks at 360 ºC and 440 ºC), due to the accelerated decomposition process caused by the previous decomposition of the PEU-co-PEA component. In summary, the incorporation of a small amount of the copolymer sample has a negative influence on the thermal stability of P3TMA but this feature is not essential to discard the use of the new scaffold at reasonable high temperatures.
Electrochemical characterization of PEU-co-PEA/P3TMA electrospun scaffolds Moreover, the reduction peak is identified at ) ( 1 R E c p = 0.12 V. It is worth noting that the voltammograms recorded for the two hybrid scaffolds resemble that recently recorded for individual P3TMA using the same experimental conditions. 15 The voltammogram of the sample without P3TMA, which is included in Figure 14a , shows a weak oxidation shoulder showed some unspecific electrochemical activity. 29 The electroactivity, which increases with the similarity between the anodic and cathodic areas, was determined using the voltammograms displayed in Figure 14a . Results indicate that the ability to store charge increases upon the addition of P3TMA. Specifically, the anodic charge of hybrid scaffolds having a 24 and 90 wt-% of the CP is 2.05 mC/cm 2 and 3.08 mC/cm 2 , respectively, while that of PEU-co-PEA scaffold decreases to 0.37 mC/cm 2 . Figure 14b represents the cyclic voltammograms recorded for the two hybrids and PEU-co-PEA electrospun scaffolds after 10 consecutive oxidation-reduction cycles. The reduction of the areas associated to the cathodic and anodic scans with respect to the control voltammograms displayed in Figure 14a indicates that the ability to exchange charge reversibly decreases with the number of redox processes. This loss of electroactivity is typically related with the structural changes provoked by the redox processes in the CP. 41 Thus, the compactness of P3TMA increases with the number of redox cycles, hindering the access and scape of dopant ions during the oxidation and reduction processes, respectively.
The LEA measured after 10 redox cycles for the PEU-co-PEA scaffolds is 46%, decreasing to 39% and 24% for the hybrids with 24 and 90 wt-% of P3TMA. These values clearly indicate that electrochemical stability increases with the P3TMA content.
The overall of the electrochemical results indicate that the electroactivity and electrostability of electrospun microfibers made of P3TMA supported on biodegradable PEUco-PEA are similar to those reported for isolated P3TMA. 15 As it was expected, the electrochemical response of these hybrid scaffolds improve with the P3TMA content. This feature combined with the fact that such CP behaves as a bioactive matrix [14] [15] [16] [17] 29 support that PEU-co-PEA/P3TMA electrospun microfibers are promising candidate for biotechnological and biomedical applications. continuous fibers. The systematic optimization procedure is described in Table 1 . Figure 14 
CONCLUSIONS
